Introduction
Palaeoclimatic studies help us in understanding the long term climatic variability and improve our knowledge for predicting climatic changes. Climate models, supported by various observations indicate that the polar regions are highly sensitive to rising atmospheric CO 2 concentrations and associated global warming. However, the high-latitude response to ongoing and future warming in a high-CO 2 world remains uncertain due to the lack of understanding of the complex interactions between Antarctic cryosphere and the global climate system. Locked up in its ice sheet is a record of the history of life and environment for the last several thousands of years. It is now widely recognized that Antarctica plays a vital role in the dynamic linkages that couple the spatially and temporally complex components of the Earth's system (atmosphere, biosphere, hydrosphere, cryosphere, lithosphere and cosmogenic input). Due to the limited and the short period of observational and instrumental data on Antarctic climatic variables, our knowledge of the functioning of Antarctica within the global system and the spatial and temporal complexity of Antarctic climate is still poor. Fundamental questions remain in this approach are: How typical of Antarctic climatic history is the recent variability? Has Antarctica experienced a typical spatial climate pattern over the last several centuries to thousands of years, as suggested for other regions of the globe? Understanding the Antarctic climate variability on an array of timescales (millennial, centennial to decadal timescales) is crucial to our knowledge on the role and response of Antarctic ice sheets to the global climate variability.
Results and Discussion
Major areas of paleoclimate research in Antarctica by Indian scientists are ice core, lake sediment core and IODP (Integrated Ocean Drilling Program) cores from three major areas of the East Antarctica (Fig.  1) . While the Indian ice core drilling have been mainly restricted to the central Dronning Maud Land (DML), the lake sediment cores come from both DML and the Princess Elisabeth Land (PEL), whereas the IODP cores discussed here are retrieved from the Wlikes Land (Fig. 1) . Unlike many other palaeoclimate records, the ice cores provide one of the most direct and accurate method to study the Antarctic climate change that allows us to go back in time and to generate continuous and highly resolved reconstructions of past climate. However, due to the limited time period that the ice cores represent in the coastal areas of Antarctica, it is imperative to have indirect climate archives like lake sediment and marginal sedimentary records. The ongoing Indian palaeoclimate research in Antarctica can be described under three categories:
1. Recent climate change in Antarctica -ice core based palaeoclimatic reconstructions 2. Late Quaternary Antarctic climatic reconstruction using lake sedimentary records 3. Cenozoic climatic variability from marginal sedimentary records of East Antarctica
In the following a brief overview of the various studies conducted by Indian scientists on the above areas are described.
Recent Climate Change in Antarctica -Ice Core Based Palaeoclimatic Perspectives
One of the major areas of Antarctic palaeoclimate research by Indian scientists during this period are the proxy based climate studies using shallow to medium depth ice cores from coastal Dronning Maud Land (DML) in East Antarctica (Naik et al., 2010a; Naik et al., 2010b; Thamban et al., 2011a; Thamban et al., 2011b; Thamban et al., 2013; Antony et al., 2012; Laluraj et al., 2011; Laluraj et al., 2014; PAGES 2k Consortium, 2013; Rahaman et al., 2016) . The high-resolution (seasonal to annual) ice core studies conducted at NCAOR revealed the utility of ice records to reconstruct the natural environmental processes like the global volcanic eruptions as well as the polar and extra-tropical climatic teleconnections during the past hundreds of years.
Ice core proxy based reconstruction revealed significant changes in Southern Hemispheric climate during the past several hundreds of years (Naik et al., 2010a; Naik et al., 2010b; Thamban et al., 2011a; Thamban et al., 2011b; Thamban et al., 2013) . The study revealed utility of shallow ice cores in reconstructing the past changes in major climatic modes like the El Niño Southern Oscillation (ENSO) and Southern Annular mode (SAM) (Naik et al., 2010a) . Detailed analysis of the δ 18 O records of IND-25/B5 covering a period of past one century revealed a significant warming of 1°C during (Fig. 2) (Naik et al., 2010 b; Thamban et al., 2013) . The oxygen isotope (δ 18 O) records from ice core (IND-22/B4) also supported significant changes in temperature during periods of solar activity as well a warming trend of 2.7°C for the past 470 years, with an enhanced warming during the last several decades (Fig. 3) (Thamban et al., 2011a; Thamban et al., 2011b) . Further, nitrate (NO 3 -) records the from the IND-22/B4 ice core reveals a close resemblance to the 10 Be record (solar proxy) from South Pole and therefore seems to demonstrating the influence of external solar forcing on the circulation pattern over the Antarctica during last 470 years (Laluraj et al., 2011) . Microbiological studies of polar ice at different depths of the above ice core also provided an important comparison, as they preserve records of microbial cells and past climate conditions (Antony et al., 2012) . The bacteria identified from the different depth of the ice core might have been transported and deposited into ice along with dust particles and marine aerosols.
By integrating the proxy temperature data using ice cores and various proxy records across seven continental-scale regions, a global study revealed an overall cooling trend across nearly all continents during the last two thousand years (PAGES 2k Consortium, 2013) . This cooling trend was reversed by distinct warming, beginning in some regions at the end of the 19 th century. This cooling trend was reversed by distinct warming, beginning in some regions at the end of the 19th century. The dust record of IND-25/ B5 ice core showed that dust deposition in East Antarctica followed the Southern Hemispheric climate change and doubled during the 20 th century (Laluraj et al., 2014) . Strong positive correlation observed between dust flux and the SAM suggests that the positive values of the SAM index are likely to be responsible for the recent increase in dust deposition over East Antarctica, through strengthening of westerly winds (Fig. 4) . NCEP/NCAR reanalysis data reveals that the polar easterlies consistently strengthened since 1985 at the study region, leading to the sinking of dust materials brought by the stronger westerlies. Interestingly, the timing and amplitude of the insoluble dust flux matched remarkably well with the trace metal fluxes of Ba, Cr, Cu, and Zn, confirming that dust was the main carrier of airborne geochemical tracers to East Antarctica in the recent past (Laluraj et al., 2014) . The observed doubling of dust and associated trace metal deposition in East Antarctica have wide-ranging implications for understanding the factors driving the inter-continental transportation of impurities and their environmental impact on Antarctica. These results have far-reaching implications for understanding the changes in temperature and dust levels and their impact on climate both in the recent past and future.
High resolution study of deuterium excess (dexcess), sea-salt sodium (ss-Na + ) and methane sulfonic acid (MSA) in the ice core IND-25/B5 from coastal Dronning Maud Land also revealed the history of moisture transport and sea ice condition during the last century (Rahaman et al., 2015) . Sea ice extent (SIE) in the Weddell Sea was reconstructed based on Antarctic ice core records of stable oxygen (d 18 O), hydrogen (dD) isotopes and sea-salt-Na + . Among them, ss-Na+ flux record shows significant positive relationship with winter SIE in the Weddell Sea. Wavelet analysis of SAM index and SOI shows the highest common power in 4-8 year band during 1940-1960 and 1990-2000 overlapping with the period of higher SIE (Fig. 5 ). This shows large variability during the last century (1905 ( -2005 which impacted moisture transport from various oceanic sectors to Antarctica. Cluster of backward wind trajectories shows that air parcels were mainly originated from the Weddell Sea with additional sources from the Ross Sea and the Bellingshausen-Amundsen Sea regions. Dramatic increase in SIE was observed in the Weddell Sea sector during . This study suggests that moisture source and sea ice variability in annualdecadal scale in Antarctica seems to be largely influenced by SAM and its teleconnection to ENSO. Further, the multifaceted scientific studies being carried out by Indian scientists in the realm of ice core paleroclimatic research will contribute significantly to the global community's ongoing efforts to better understand the past climate variability during the Holocene and its implication to the changing environment.
Late Quaternary Antarctic Climatic Reconstruction Using Lake Sedimentary Records
The continent of Antarctica is bestowed with several ice-free regions that are characterised by the presence of different types of lakes are also present in these ice-free regions which are classified into epishelf, proglacial and land-locked based on their geomorphic characteristics. Indian scientists have been actively studying the ice free regions within the logistic limitations of the Indian scientific activities around the research stations Maitri (Schirmacher Oasis, central Dronning Maud Land) and Bharati (Larsmann Hills, Princess Elisabeth Land) in the East Antarctica. The lakes in these regions contain sediments which gives a fair indication on the past climatic changes. The periglacial environment of Schirmacher Oasis and Larsemann Hills is characterized by a wide range of sedimentary and glacial processes, resulting in different combinations of erosional and depositional features (Asthana et al., 2013) .
During the period under report, several studies have been made on lake sediments from Schirmacher Oasis and Larsemann Hills (Govil et al., 2011; Govil et al., 2012; Shrivastava et al., 2012; Asthana et al., 2013) . Phartiyal et al. (2011) have tried to reconstruct the evolution of the Schirmacher Oasis from 13 ka BP to the present. Results show a drastic reduction in the lake sizes by negative water balance and can possibly be attributed to the combined effect of recession of glaciers feeding them, low melt water, low precipitation and strong winds. Phartiyal (2014) described six phases 6 phases of climatic fluctuation between 13 and 3 ka using mineral magnetic parameters; the Holocene Optima and Mid Holocene Hypsithermal are also reported. Govil et al. (2011; 2012) analyzed a sediment core from Larsemann Hills, East Antarctica to reconstruct the paleoproductivity fluctuations and factors responsible for it, based on Biogenic Silica (BSi), Sand (%) and Total Organic Carbon (TOC). The core show prominent high productivity from ~8.3 to ~6 cal ka BP in comparison to less productivity in mid-late Holocene (~6 cal ka BP to recent). Moreover, the glacio-fluvial deposition condition prevailed from ~8.3 to ~5 cal ka BP. The increased productivity in the upper part of the core possibly indicates presence of algal mat due to exposure of the lake to the ice free (glacier free) conditions. Presence/absence of diatom along with variation of sand percentage suggests the alternate glacial-interglacial phase prevailed in this region.
Further, few studies have focussed on sediment records of the Vestfold Hills (Mazumder et al., 2013a; Mazumder et al., 2013b; Mazumder and Govil, 2013) . Mazumder et al. (2013a) suggested that the constant seawater influence in the lake (which was predominated in early Holocene) got weakened after 5000 yrs BP till date, based on diatom population and the abundance of salt crystal present in sediments. Mazumder et al. (2013b), Mazumder and Govil (2013) reported the relatively warmer climatic condition in late Holocene based on the abundance of icier condition indicator species Fragilariopsis curta along with other diatom assemblages.
Studies by the Geological Survey of India revealed that the overall characteristics and composition of the sediments in the epi-shelf lakes of the Schirmacher Oasis, are a function of source rock compositions, sediment transportation, depositional processes and weathering. The lake sediments indicates changing conditions in the transporting medium and/or the contribution of sediments from multiple provenances (Shrivastava et al., 2012) . Field observations, granulometric analyses of sediment and SEM of selected quartz grains in Schirmacher Oasis and Larsemann Hills show similar results, except for the extent and strength of glacial and glaciofluvial processes. Change in energy conditions is evident from the distribution pattern of sediments in both places (Asthana et al., 2013) . The sediments from Fisher Island showed a lithic arenite to arkosic composition, indicating slightly to moderately weathered source rocks. Sediments on Fisher Island show intense mechanical textures characteristic of glacial transport (Asthana et al., 2013) . However, most of these records are restricted to climatic changes during the Holocene and do not provide undisturbed records of climate change due to the inherent problems associated with the sediment core and sample collection methods. In order to obtain more reliable palaeoclimate records, the "Past Climate and Oceanic Variability" project of NCAOR has embarked upon a long-term project to obtain long and undisturbed sediment cores from Larsemann Hills and Schirmacher Oasis and to undertake multi-proxy work on them to reconstruct the past climate. As part of the programme, new piston coring systems and platforms have been established for recovery of undisturbed coring over the lakes and frozen water bodies.
Based on the environmental magnetic properties of sediments deposited in Sandy Lake, glacialinterglacial climatic variation was reconstructed for the past 42.5 cal. ka B.P. (Warrier et al., 2014) . This study provided environmental magnetic evidence for the Schirmacher Oasis escaping full glaciation during the past 40,000 years (Fig. 6) . The magnetic mineralogy was dominated by the presence of titanomagnetite. Glacial periods were characterized by high magnetic mineral concentrations and coarse SSD titanomagnetite. The LGM has documented the highest concentration of magnetic minerals, indicating widespread glaciation in the Schirmacher Oasis. The Holocene period was characterized by alternating phases of relatively warm (12.55-9.88 cal. ka B.P. and 4.21-~2 cal. ka B.P.) and cold (9.21-4.21 cal. ka B.P. and from ~2 cal. ka B.P. onwards) events. Many of the relatively warm and cold events discerned in this study were correlatable with other lake sediment and ice-core records from the Schirmacher Oasis and other ice-free areas in East Antarctica (Fig. 6) .
The sediment particle size and quartz grains deposited in the sediments of Sandy Lake were used to understand their provenance and also the strength of the transporting medium during the past 42.5 cal ka B.P. (Warrier et al., 2016) . The sediments are poorly sorted and finely skewed and show different modes of grain size distribution throughout the last 43 cal ka B.P. The statistical parameters of grain size data indicate that the sediments are primarily transported by melt-water streams and glaciers. During the last glacial period, wind activity was strong as evident by the good correlation between rounded quartz data and dust flux data from EPICA ice-core data (Fig. 7) . SEM studies of selected quartz grains and analyses of various surface textures indicate that glaciogenic conditions must have prevailed at the time of their transport. Semi-quantitative analyses of mineral (quartz, feldspar, mica, garnet and rock fragments & other minerals) counts suggest a mixed population of minerals with quartz being the dominant mineral. The study reveals the different types of physical weathering, erosive signatures, and chemical precipitation most of them characteristic of glacial environment which affected these quartz grains before final deposition as lake sediments.
The organic geochemical and sedimentological data from sediments deposited in Long Lake (L-27), Schirmacher Oasis, provide a history of glacialinterglacial climatic variations during the last 48,000 cal. years B.P. (Mahesh et al., 2015) . The last glacial and major part of Holocene records the lowest organic carbon indicating that the productivity was generally lower suggesting longer ice-cover period due to extreme cold conditions. The sustained Holocene warm conditions would have resulted in the lake experiencing longer ice-free conditions beginning at 6 cal ka B.P. as evident in the grain size variation. The results showed that Long Lake's response to Antarctic climate is reflected in its response to the ice-cover conditions which regulates the productivity and sedimentation in the lake system. These multiproxy records from the sediment cores will help to reconstruct high-resolution past climatic variations in Antarctica during the past.
Cenozoic Climatic Variability from Marginal Sedimentary Records of East Antarctica
In order to study of evolution and dynamics of the Antarctic cryosphere from its inception during the Eocene-Oligocene transition (~34 Ma) through the significant subsequent periods of likely coupled climate and atmospheric CO 2 changes, Indian scientists have joined the Integrated Ocean Drilling Program (IODP) that drilled through the Antarctic Wilkes Land margin (Indian Ocean sector). The major aim was to provide a long-term record of the sedimentary archives along an inshore to offshore transect of Cenozoic Antarctic glaciation and its intimate relationships with global climatic and oceanographic change. Since paleoceanographic reconstructions from Wilkes Land margin drill cores critically depend on a robust stratigraphic framework, efforts have made for a robust chronological framework. A stratigraphic framework was developed that allows the placement of future proxy-based paleo-records into a context of global climate and ocean circulation models during a critical period of time. The record from the Wilkes Land Margin will contribute significantly to our understanding of Antarctic climate and ice sheet evolution and their feedbacks to the global climate system (Tauxe et al., 2012) . et al., 2013) .
A global "colder" late Miocene (prior to 5.33 million years) and a 'warmer' Pliocene is commonly inferred mainly from the benthic foraminiferal records et al., 2014) . In their study the ice retreat condition deciphered during 6.8-6.2 Ma shows that in the eastern sector of Wilkes Land margin 'warming' had started in latest Miocene, much earlier than the other part of East Antarctica and was preceded by a concentration of IRD during 9-7 Ma period indicating a prolonged cooling period (Fig. 8) . During times of ice retreat smectite rich sediment derived from Ross Orogen is transported to the core site through surface or bottom water currents (Verma et al., 2014) . 
Conclusions

